Introduction {#Sec1}
============

Recently, the world has been experiencing a catastrophic phenomenon, a pandemic of coronavirus disease (COVID-19) that is caused by SARS-CoV2 \[[@CR1]\]. This virus primarily targets the human respiratory system, but coronaviruses also have neuroinvasive capabilities and can spread from the respiratory tract to the central nervous system (CNS). COVID-19 has been associated with neurological manifestations such as seizures and change in mental status \[[@CR2]\].

Available information on the pandemic suggests that people with epilepsy (PWE) are neither more likely to be infected by the coronavirus nor are they more likely to have severe COVID-19 manifestations because they suffer from epilepsy \[[@CR3]\]. However, management of COVID-19 in PWE may be more complicated than that in other individuals.

While, so far no therapy has been approved for the treatment of COVID-19, there are more than a handful of therapies under investigation and being used. Therefore, drug-drug interactions between anti-COVID therapies and antiepileptic drugs (AEDs) could pose significant challenges. In addition, cardiac, hepatic, or renal problems, which may happen in patients with severe COVID-19, may require adjustment to AEDs. In this review, we first summarize the potential drug-drug interactions between AEDs and some of the drugs currently used in the management of COVID-19. We then summarize other challenging issues that may happen in PWE, who have COVID-19 and are receiving treatment.

Drug interactions {#Sec2}
=================

The mainstay of treatment of epilepsy is therapy with AEDs; nowadays, there are more than 30 AEDs available to treat epilepsy. Drug-drug interactions may occur whenever two or more drugs are administered simultaneously. Most clinically important, AED interactions with other drugs result from induction or inhibition of drug-metabolizing hepatic enzymes. Unfortunately, many AEDs are substrates, inducers, or inhibitors of hepatic enzymes; hence, drug-drug interactions are common in PWE \[[@CR4]--[@CR6]\]. Table [1](#Tab1){ref-type="table"} shows AED potentials for interactions with other drugs, in general. Table [2](#Tab2){ref-type="table"} shows the effects of anti-seizure medications and anti-COVID medications on hepatic enzymes and enzymes involved in their metabolism \[[@CR6]--[@CR16]\]. This table will help us understand the potential for drug interactions between AEDs and therapies suggested and used in COVID-19 (e.g., chloroquine, hydroxychloroquine, lopinavir/ritonavir, favipiravir, remdesivir, tocilizumab, nitazoxanide, sofosbuvir, and interferon beta). Since the treatment of COVID-19 is a changing landscape, the table of drug interactions could also be used as a roadmap when new therapies emerge.Table 1Anti-seizure medications potentials for interactions with other drugsDrug interaction potentialAnti-seizure medicationsNo significant drug interactionsLevetiracetam, brivaracetam\*, pregabalin, vigabatrin, and gabapentinMild to moderate potential for drug interactionsEslicarbazepine acetate, oxcarbazepine, lacosamide, lamotrigine, clobazam, perampanel, rufinamide, tiagabine, topiramate, and zonisamideSignificant drug interactionsPhenobarbital, phenytoin, carbamazepine, primidone, cannabidiol, cenobamate, and valproateReference: \[[@CR6]\]\*Brivaracetam may have some drug interactions with tocilizumabTable 2Effects of anti-seizure medications and anti-COVID medications on hepatic enzymes and enzymes involved in their metabolismEffectInducesInhibitsEnzymes involved in metabolismAnti-seizure medication  Brivaracetam------CYP2C19  CannabidiolCYP1A2 and CYP2B6UGT1A9, UGT2B7, CYP2C8, CYP1A2, CYP2B6, CYP2C19, and CYP2C9CYP3A4 and CYP2C19  CarbamazepineCYP1A2, CYP2C, CYP3A4, and UGTs---CYP1A2, CYP2C8, and CYP3A4  CenobamateCYP2B6 and CYP3A4CYP2C19UGT2B7, UGT2B4, CYP2E1, CYP2A6, CYP2B6, CYP2C19, and CYP3A4/5  ClobazamA weak CYP3A4 inducerCYP2D6CYP2C19  Clonazepam------CYP3A4  Eslicarbazepine acetateCYP3A4CYP2C19Esterases, uridine diphosphate-glucuronosyltransferase  Ethosuximide------CYP3A4, CYP2B, and CYP2E1  Phenobarbital/primidoneCYP1A2, CYP2A6, CYP2B, CYP2C, CYP3A4, and UGTs---CYP2C9, CYP2C19, and CYP2E1  PhenytoinCYP1A2, CYP2B, CYP2C, CYP3A4, and UGTs---CYP2C8, CYP2C9, and CYP2C19  Valproic acid---CYP2C9, UGTs, and epoxide hydrolaseCYP2A6, CYP2C9, CYP2C19, UGTs, and mitochondrial oxidases  Gabapentin---------  Lacosamide\*------CYP3A4, CYP2C9, and CYP2C19  LamotrigineUGTs (weak inducer)---UGTs  Levetiracetam---------  OxcarbazepineCYP3A4, UGTsCYP2C19UGTs  PerampanelCYP2B6 and CYP3A4/5 and UGTs (weak inducer)Weak inhibitory effect on CYP2C8, CYP3A4, UGT1A9, and UGT2B7CYP3A4 and/or CYP3A5  Pregabalin------  RufinamideCYP 3A4 (weakly)CYP 2E1 (weakly)Carboxylesterases  TopiramateCYP3A4, \*β-oxidationCYP2C19Inducible CYP isoforms  Vigabatrin---------  Zonisamide------CYP3A4Anti-COVID-19 medication  Remdesivir\*\*Not definedNot definedProbably CYP3A  Lopinavir/ritonavirCYP2C9, CYP2C19, CYP1A2, CYP2B6, and glucuronyltransferaseCYP3A4, CYP2D6CYP3A, CYP2D6  Chloroquine/hydroxychloroquine------CYP2D6, CYP2C8, and CYP3A  Interferon beta---------  FavipiravirNot definedNot definedNot defined  Tocilizumab\*\*\*CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, and CYP3A4------  Nitazoxanide\*\*\*\*------Glucuronidation  Sofosbuvir------Cathepsin A or carboxylesteraseReferences: \[[@CR6]--[@CR16]\]\*Lacosamide should be used with caution in patients with known cardiac conduction problems (e.g., AV block and sick sinus syndrome without pacemaker), sodium channelopathies (e.g., Brugada syndrome), on concomitant medications that prolong PR interval, or with severe cardiac disease such as myocardial ischemia or heart failure. In such patients, obtaining an ECG before beginning lacosamide, and after lacosamide is titrated to steady-state, is recommended. Lacosamide administration may predispose the patient to atrial arrhythmias (atrial fibrillation or flutter), especially in those with diabetic neuropathy and/or cardiovascular disease \[[@CR14]\]\*\*Hepatic enzyme inducers (e.g., carbamazepine, phenobarbital, phenytoin) may decrease remdesivir efficacy \[[@CR15]\]\*\*\*Cytochrome P450s in the liver are downregulated by infection and inflammation stimuli including cytokines such as IL-6. Inhibition of IL-6 signaling in patients treated with tocilizumab may restore CYP450 activities to higher levels than those in the absence of tocilizumab leading to increased metabolism of drugs that are CYP450 substrates (including many AEDs) \[[@CR9]\]\*\*\*\*Following oral administration in humans, nitazoxanide is rapidly hydrolyzed to an active metabolite, tizoxanide. Tizoxanide is highly bound to plasma protein (\> 99.9%). Therefore, caution should be used when administering nitazoxanide concurrently with other highly plasma protein-bound drugs with narrow therapeutic indices (e.g., phenytoin) \[[@CR16]\]

While for many of the listed potential drug interactions, there is a lack of corresponding clinical evidence, it is important to consider these potential interactions and monitor the patient for possibility of inadequate efficacy or alternatively, toxicity of drugs. In other words, in any patient with epilepsy, who is being treated for COVID-19, therapeutic drug monitoring could provide valuable information to adjust the drug dosages. Also, close clinical monitoring of the patient may be warranted to ensure adequate efficacy and limit toxicity. Below is a summary of potential drug-drug interactions in these patients:

Interactions resulting in *decreased* AED plasma levels {#Sec3}
-------------------------------------------------------

Lopinavir/ritonavir decreases the plasma concentrations of lamotrigine (and possibly, phenytoin and valproate), probably by induction of glucuronidation enzyme system. A dose increment to 200% of the initial lamotrigine dose is needed to achieve concentrations similar to those with lamotrigine alone \[[@CR17]\]. The therapeutic efficacy of many AEDs (e.g., carbamazepine, lacosamide, oxcarbazepine, lamotrigine, phenobarbital, phenytoin) may be decreased when used in combination with hydroxychloroquine or chloroquine \[[@CR7], [@CR8]\]. The definite mechanism of this interaction has not been elucidated yet. The activity of many AEDs (e.g., carbamazepine, lacosamide, perampanel, phenobarbital, phenytoin) might be impaired if co-administered with tocilizumab, through hepatic enzyme induction (Table [2](#Tab2){ref-type="table"}) \[[@CR9]\].

Interactions resulting in *increased* AED plasma levels {#Sec4}
-------------------------------------------------------

Ritonavir is a potent inhibitor of CYP3A/ CYP2D6 and may potentially increase plasma levels of cannabidiol, carbamazepine, cenobamate, clonazepam, ethosuximide, lacosamide, perampanel, and zonisamide (Table [2](#Tab2){ref-type="table"}) \[[@CR6], [@CR10], [@CR11]\].

Interactions resulting in *decreased* plasma levels of other drugs {#Sec5}
------------------------------------------------------------------

Patients treated with enzyme-inducing AEDs (e.g., carbamazepine, cenobamate, eslicarbazepine acetate, oxcarbazepine, phenobarbital/pyrimidine, phenytoin) are at risk of important drug interactions with other drugs that are metabolized by these enzymes (e.g., hydroxychloroquine/chloroquine) (Table [2](#Tab2){ref-type="table"}) \[[@CR5], [@CR6]\]. Increasing the dose of chloroquine/hydroxychloroquine and also close monitoring of the patient's clinical response may be helpful in the circumstance of co-administration of these drugs. However, the needed amount of increase in chloroquine/hydroxychloroquine daily dose for compensating of this drug-interaction has not been defined. CYP3A inducers (e.g., carbamazepine, oxcarbazepine, eslicarbazepine, cenobamate, phenobarbital, phenytoin, topiramate) may also decrease lopinavir serum levels \[[@CR12]\]. Co-administration of sofosbuvir with carbamazepine, phenytoin, phenobarbital, or oxcarbazepine is expected to decrease the serum concentration of sofosbuvir \[[@CR13]\].

Interactions resulting in *increased* plasma levels of other drugs {#Sec6}
------------------------------------------------------------------

Co-administration of hydroxychloroquine with moderate and strong CYP2C8 and CYP3A4 inhibitors (such as cannabidiol) may result in increased plasma concentrations of hydroxychloroquine \[[@CR8]\]. Perampanel is a weak CYP2C8 and CYP3A4 inhibitor (Table [2](#Tab2){ref-type="table"}).

Note: Currently, there is neither experimental nor clinical evidence for any noticeable drug interactions between favipiravir, nitazoxanide, and interferon beta with AEDs.

Adverse effects and other complications {#Sec7}
=======================================

Many of the therapies currently in use for the treatment of COVID-19 have significant cardiovascular adverse effects. Similarly, many AEDs have significant cardiovascular adverse effects (Table [3](#Tab3){ref-type="table"}) \[[@CR7]--[@CR16], [@CR18]--[@CR21]\]. Furthermore, COVID-19 can cause systemic inflammation, leading to multi-organ dysfunction. Acute respiratory distress syndrome and respiratory failure, acute cardiac injury, and heart failure were the most common critical complications during exacerbation of COVID-19 \[[@CR22]\]. All these potential drug adverse effects and medical complications of COVID-19 may complicate the management process of a critically ill patient.Table 3Cardiovascular adverse effects of anti-seizure medications and anti-COVID medicationsCardiovascular adverse effectsAnti-seizure medication  Brivaracetam---  Cannabidiol---  CarbamazepineAtrioventricular block, cardiac arrhythmias or arrhythmia exacerbation, and congestive heart failure  CenobamateQT shortening  Clobazam---  Clonazepam---  Eslicarbazepine acetate---  Ethosuximide---  Phenobarbital/primidoneMay prolong QT interval  PhenytoinCardiac conduction abnormalities (e.g., bundle-branch block)  Valproic acid---  Gabapentin---  LacosamideProlongation in PR interval, first-degree atrioventricular (AV) block, second degree, and complete AV blocks  Lamotrigine---  Levetiracetam---  Oxcarbazepine---  Perampanel---  PregabalinExacerbation of heart failure  RufinamideQT shortening  Topiramate---  Vigabatrin---  Zonisamide---Anti-COVID-19 medication  Remdesivir---  Lopinavir/ritonavirBradyarrhythmias, QTc prolongation, AV block, torsade de pointes, and prolongation of the PR interval  Chloroquine/hydroxychloroquineDirect myocardial toxicity vs. exacerbation of underlying cardiomyopathy, altered cardiac conduction: QTc prolongation, AV block, bundle branch block, torsade de pointes, and ventricular tachycardia/fibrillation  Interferon betaDirect myocardial toxicity vs. exacerbation of underlying cardiomyopathy, hypotension, arrhythmia, and myocardial infarction  Favipravir---  Tocilizumab---  Nitazoxanide---  SofosbuvirBradycardiaReferences: \[[@CR7]--[@CR16], [@CR18]--[@CR21]\]

When a patient with epilepsy becomes ill with COVID-19, there are two possible scenarios:The patient has been well-controlled on a stable dose of AED(s), which happens in about two-thirds of the people with epilepsy, in general;The patient has had drug-resistant seizures, which happens in about one-third of the patients with epilepsy.

In the first scenario, it is not practical to change the AED(s) suddenly even if there are significant drug-drug interactions and/or adverse effects related to AEDs. Therefore, the treating physician should be aware of any potential drug interactions, adverse effects, and complications related to AED(s) and/or anti-COVID treatments. Therapeutic drug monitoring could provide valuable information to adjust the drug regimen in these patients. Also, close monitoring of the patient (frequent history taking and physical examinations) may be warranted to ensure efficacy and limit toxicity of therapeutic interventions. Finally, actions to minimize cardiovascular risks (e.g., arrhythmia) in these circumstances may include \[[@CR21], [@CR23]\]:Electrocardiographic (ECG)/ QT interval monitoring.Correction of any electrolyte imbalance before the administration of drugs, particularly correction of hypokalemia to levels of \> 4.5 mEq/L and hypomagnesemia to levels of \> 2.2 mg/dL.Avoiding other drugs that may cause QT prolongation or have other cardiac adverse effects, if possible (e.g., anti-emetics such as ondansetron, proton pump inhibitors for acid suppression, and some anesthetic agents).After initiation of a drug that is associated with torsades de pointes, ECG signs indicative of risk for arrhythmia include an increase in QTc from pre-drug baseline of 60 ms, marked QTc interval prolongation \> 500 ms, T-U wave distortion that becomes more exaggerated in the beat after a pause, visible (macroscopic) T-wave alternans, new-onset ventricular ectopy, and couplets and non-sustained polymorphic ventricular tachycardia initiated in the beat after a pause.Recommended actions when ECG signs of impending torsades de pointes develop are to discontinue the offending drug, administer potassium and magnesium, consider temporary pacing to prevent bradycardia and long pauses, and transfer the patient to a hospital unit with the highest level of ECG monitoring surveillance where immediate defibrillation is available.Seriously ill patients on lacosamide should be monitored for significant bradycardia and if so, treated promptly with isoproterenol or atropine and if available external pacing.

In patients with drug-resistant seizures (the second scenario), if there are significant drug-drug interactions and/or adverse effects related to AEDs, the treating physician may decide to switch the AED to a safer drug. In these circumstances, it is important to consider that the altered physiology of critically ill patients as well as pharmacological and non-pharmacological interventions in patients with COVID-19 may lead to therapeutic failure or toxicity of some AEDs \[[@CR24]\]. In addition, since these patients are critically ill, a drug with intravenous (IV) formulation is preferable. Furthermore, because these patients suffer from severe respiratory and/or cardiac problems, drugs with significant respiratory/cardiac adverse effects should be avoided. In these settings, levetiracetam and brivaracetam could be safe treatment options. Brivaracetam could be administered 25 to 100 mg twice daily (50--200 mg/day). Dosage adjustment is recommended for all stages of hepatic impairment \[[@CR25]\]. Levetiracetam could be administered 30 to 60 mg/kg IV loading dose over 10 min and then 1000--3000 mg per day in 2 divided doses. Dosage adjustment is necessary in patients with renal impairment \[[@CR26]\].

Organ failure {#Sec8}
=============

Abnormal liver and renal functions may happen in critically ill patients with COVID-19 \[[@CR27]\]. In any of these circumstances, AED dosages may need to be adjusted \[[@CR6]\].If your patient has moderate (Child-Pugh B) or severe (Child-Pugh C) hepatic impairment, the following AEDs may need dosage adjustment: brivaracetam, cannabidiol, carbamazepine, cenobamate, lacosamide, lamotrigine, perampanel, phenobarbital/primidone, phenytoin, topiramate, and valproate. Even with other AEDs, close monitoring may also be warranted to ensure adequate efficacy and limit toxicity \[[@CR6]\].If your patient has renal failure with creatinine clearance \< 60 mL/min, the following AEDs may need dosage adjustment: eslicarbazepine acetate, gabapentin, levetiracetam, perampanel, pregabalin, primidone, topiramate, and zonisamide. Even with other AEDs, close monitoring may also be warranted to ensure adequate efficacy and limit toxicity \[[@CR6]\].

Extracorporeal membrane oxygenation {#Sec9}
===================================

Extracorporeal membrane oxygenation (ECMO), which may become necessary in the management of patients with COVID-19 and severe pneumonia, may potentially affect the pharmacokinetics of highly protein-bound drugs (e.g., clobazam, perampanel, phenytoin, valproate). ECMO circuits may initially sequester these drugs, while later releasing the drug into the circulation resulting in an unpredictable effect \[[@CR24], [@CR28]\]. Clinicians should monitor serum drug levels to guide dosing in patients receiving the above AEDs.

New onset seizures or seizure exacerbations {#Sec10}
===========================================

New onset seizures may happen or seizures may exacerbate in PWE, as a result of acute systemic illness, primary neurological pathology, or medication adverse-effects in critically ill patients with COVID-19 \[[@CR2], [@CR29], [@CR30]\]. For example, hydroxychloroquine/chloroquine may lower the seizure threshold \[[@CR31]\]. Therefore, the treating physician should be aware of these possibilities and be ready for emergency therapeutic interventions if they happen \[[@CR2]\]. For a comprehensive review on this issue, please refer to reference \[[@CR32]\].

Conclusion {#Sec11}
==========

The treatment of COVID-19 is a changing landscape. Recently, the Food and Drug Administration (FDA) issued an Emergency Use Authorization (EUA) for emergency use of remdesivir for the treatment of hospitalized COVID-19 patients \[[@CR33]\]. Also recently, WHO halted hydroxychloroquine trial over safety concerns \[[@CR34], [@CR35]\]. This manuscript helps healthcare professionals understand the potentials for drug interactions between AEDs and therapies suggested and used in COVID-19. Drug-drug interactions and adverse drug reactions of AEDs and anti-COVID-19 therapies could pose significant therapeutic challenges. While not all potential drug-drug interactions are clinically significant, some may represent a tremendous threat to the well-being of patients and should be considered seriously in the management process of critically ill patients. In addition, cardiac, hepatic, or renal impairments in patients with COVID-19 may require adjustment to AEDs. Therapeutic drug monitoring and also close monitoring of the patient's clinical status is necessary when PWE contract COVID-19 and need to receive treatment. We should emphasize that covering all drugs used in the treatment of patients with epilepsy was beyond the scope of this review. For example, while steroids and everolimus are not conventional AEDs, they may be used in the treatment of some epilepsy syndromes, such as autoimmune epilepsies and tuberous sclerosis complex. Corticosteroids may mask some signs of infections and may reduce resistance to new infections \[[@CR36]\]. Furthermore, corticosteroids may exacerbate infections and increase the risk of disseminated infections \[[@CR36]\]. Similarly, everolimus has immunosuppressive properties and may predispose patients to bacterial, fungal, or viral infections. Furthermore, everolimus may cause non-infectious pneumonitis (presenting with non-specific respiratory signs and symptoms such as hypoxia, cough, and dyspnea) \[[@CR37]\]. Therefore, it is important to consider any and all adverse effects and drug interactions in patients with epilepsy, who become infected with SARS-CoV2 and need treatment for COVID-19.
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